Introduction
Boreal coniferous forests may have an important effect on global C balances because of their vast area and large C reserves. Several climate change predictions indicate that warming will be most rapid in the continental regions of the boreal zone and so there is great concern about how the net C storage of these forests will be affected by rising temperatures and atmospheric CO 2 concentrations (Ca). Boreal coniferous forests are currently thought to be sinks for atmospheric CO 2 [Sellers et The complexity with which C storage depends on climate has led to the use of process-based ecosystem models to examine NEP under current climates and to predict NEP under hypothesized climates. The improvement of these models is a key objective of the Boreal Ecosystem-Atmosphere Study (BOREAS) which is to be achieved by collecting data for mass and energy exchange at temporal and spatial scales appropriate to well constrained model tests [Sellers et al., 1997] . If these tests are successful under current climates, then the confidence with which such models may be used to predict changes in mass and energy exchange under hypothesized climates would be greatly enhanced.
One ecosystem model included in these tests is ecosys [Grant, !996a, 1996b] , output from which has been compared with measurements of diurnal mass and energy exchange and of long term C accumulation in a mixed aspen -hazelnut forest [Grant et al., 1999a ] and a spruce-moss forest in the southern study area of BOREAS. This model simulates hourly GPP, R a and R h as affected by soil and plant temperatures [Grant, , 1994b Grant et al., , 1993b ; Grant and Rochette, !994; Grant et al., 1995b] , soil and plant water contents [Grant et al., 1993m 1993b Grant and Rochette, 1994 ], soil and plant N and P concentrations [Grant, 1991 [Grant, , 1998a Grant and Robertson, 1997] , soil and plant aeration [Grant, 1993b [Grant, , 1995 Grant et al., 1993c Grant et al., , 1993d Grant and Pattey, 1999] , and by Ca [Grant et al., 1995a [Grant et al., , 1995c [Grant et al., , 1999b , air temperature and irradiance [Grant, 1992a [Grant, , 1992b Grant et al., 1999a] .
In this study ecosys was used to study climate effects on NEP in a boreal coniferous forest by comparing hourly model output for C and energy exchange under changing weather conditions with eddy correlation fluxes measured by Goulden et al. [1997] over a 150 year old black spruce-moss forest in northern Manitoba. These ecosystem scale tests were supported by smaller-scale comparisons of C fluxes modeled over the moss surface with fluxes measured in automated chambers by Goulden and Crill [1997] , and of CO 2 fixation rates modeled at needle surfaces with fixation rates measured in climate -controlled leaf chambers by Berry et al. [1998] . These model tests extend those conducted by Amthor et al. [this issue] as part of an intercomparison of nine ecosystem models. Ecosys was then used to predict NEP of a black spruce -moss forest in northern Manitoba during the next 150 years under an IS92a climate change scenario.
Model Development
A detailed description of the algorithms on which ecosys is based, and of the testing to which they have been subjected, is given in Grant, 2001 . A general description of those parts of the model most relevant to the study reported here is given below. A summary description of ecosys and other ecosystem models is given in Arethor et al. [this issue].
Net Primary Productivity
2.1.1. CO2 Fixation. CO 2 fixation is calculated in ecosys from coupled algorithms for carboxylation and diffusion. Carboxylation rates are calculated for each leaf surface of multispecific plant canopies, defined by height, azimuth, inclination and exposure (sunlit versus shaded), as the lesser of dark and light reaction rates [Grant et al., 1999b] according to Farquhar et al. [1980] . These rates are driven by irradiance (rectangular hyperbola), temperature (Arrhenius kinetics) and CO2 concentration (Michaelis-Menten function). Maximum dark or light reaction rates used in these functions are determined by specific activities and surficial concentrations of rubisco or chlorophyll respectively. These activities and concentrations are determined by environmental conditions during leaf growth (CO2 fixation, water, N and P uptake) as described in section 2.!.4. Diffusion rates are calculated for each leaf surface from the CO 2 concentration difference between the canopy atmosphere and the mesophyll multiplied by leaf stomatal conductance [Grant et al., 1999b ] required to maintain a set Ci: C a ratio at the leaf carboxylation rate. Stomatal conductance is also an exponential function of canopy turgor generated from a convergence solution for canopy water potential at which the difference between transpiration and root water uptake equals the difference between canopy water contents at the water potentials of the previous and current time steps [Grant et al., 1999b] . Canopy transpiration is solved from a first order solution to the canopy energy balance [Grant et al., 1999b ].
Autotrophic Respiration and
Senescence. The product of CO 2 fixation is added to a pool of stored C for each branch (defined here as a complete subcomponent of a plant including twigs and foliage) of each plant species from which C is oxidized to meet maintenance respiration requirements using a first order function of stored C [Grant et al., 1999b] . If the pool of stored C is depleted, the C oxidation rate may be less than the maintenance respiration requirement, in which case the difference is made up through respiration of remobilizable C in leaves and twigs. Upon exhaustion of the remobilizable C in each leaf and twig, the remaining C is dropped from the branch as litterfall and added to residue at the soil surface where it undergoes decomposition as described in section 2.2. Environmental constraints such as nutrient, heat or water stress which reduce net C fixation and hence C storage will therefore accelerate litterfall. Active uptake is calculated from length densities and surface areas [Itoh and Barber, 1983] given by a root and mycorrhizal growth submodel , 1993b , Grant• 1998b Grant and Robertson, 1997] . Active nutrient uptake is constrained by 02 uptake [Grant, 1993a, b] , by solution NH4 +, NO 3-and H2PO 4-concentrations, and by concentrations of C , N and P stored by root and mycorrhizae [Grant, 1998b] . The products of N and P uptake are stored in root and mycorrhizal pools from which they are combined with stored C when driven by growth respiration to form new plant biomass as described in section 2.1.4. Plant species designated as legumes in the model also grow
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33,607 root nodules in which aqueous N 2 is reduced to stored N through oxidation of stored C according to the energetics of Schubert [1982] . This reduction generates concentration gradients of stored C, N and P between nodule and root that drives nutrient exchange. 2.1.4. Plant Growth. Growth respiration from section 2.1.2 drives expansive growth of vegetative and reproductive organs through mobilization of stored C, N and P in each branch of each plant species according to phenology-dependent partitioning coefficients and biochemically based growth yields. This growth is used to simulate the lengths, areas and volumes of individual internodes, twigs and leaves [Grant, 1994b; Grant ahd Hesketh, 1992 ] f?om which heights and areas of leaf and stem surfaces are calculated for irradiance interception and aerodynamic conductance algorithms used in energy balance calculations. Growth respiration also drives extension of primary and secondary root axes and of mycorrhizal axes of each plant species in each soil layer through mobilization of stored C, N and P in each root zone of each plant species , 1993b , Grant, 1998b ]. This growth is used to calculate lengths and areas of root and mycorrhizal axes from which root uptake of water [Grant et al., 1999b] and nutrients [Grant, 1991; Grant and Robertson, 1997 ] is calculated.
The growth of different branch organs and root axes in the model depends upon transfers of stored C, N and P among branches, roots and mycorrhizaeo These transfers are driven by concentration gradients within the plant which develop from different rates of C, N or P acquisition and consumption by its branches, roots and mycorrhizae [Grant, 1998b] . When root N or P uptake rates described in section 2.1.3 are low, stored N or P concentrations in roots and branches become low with respect to those of stored Co Such low ratios in branches reduce the specific activities and surficial concentrations of leaf rubisco and chlorophyll which in turn reduce leaf CO2 fixation rates• These low ratios also cause smaller root-to-shoot transfers of N and P and larger shoot-to-root transfers of C [Grant, 1998b] , thereby allowing more plant resources to be directed towards root growthe The consequent increase in root:shoot ratios and thus in N and P uptake, coupled with the decrease in C fixation rate, redresses to some extent the stored C:N:P imbalance when N or P uptake is limiting. [Grant, 1998a] . The energetics of these oxidation-reduction reactions determine growth yields and hence the active biomass of each heterotrophic functional type from which its decomposer activity' is calculated as described in section 2.2.1. In addition, autotrophic nitrifiers conduct NH4 + and NO2-oxidation [Grant, 1994a] and N20 evolution [Grant, 1995] , and autotrophic methanotrophs conduct CH4 oxidation [Grant, 1999] 
Leaf CO2 Fixation
On August 5 and 6 1996, selected needle clusters near the top of the black spruce canopy were enclosed in the cuvette of a portable gas exchange system (model MPH-1000, Campbell Scientific, Logan Utah) with an infrared gas analyzer (model abbreviations: BD, bulk density; 0, water content; CEC, cation exchange capacity; AI-P, aluminium phosphate, calculated from total P -organic P and modeled as variscite; Ca-P, calcium phosphate, calculated from total P -organic P and modeled as hydroxyapatite. 
Model Experiment

Model Initialization and Run
The ecosystem model ecosys was initialized with data for the physical properties of a Cumic Humic Regosol (Table 1) , and with values for the biological properties of black spruce and moss (Table 2) . These values remained the same as those of aspen and hazelnut used in an earlier study of mass and energy exchange (Grant et al., 1999a, Table 3 (13)] was set to zero for moss, thereby replacing the dynamic stomatal response to turgor with a constant diffusive resistance taken from Proctor [1982] . This constant resistance forced moss water potential to equilibrate with atmospheric relative humidity during the convergence solution for energy exchange. (2) The effect of plant water status on CO2 fixation in moss was calculated from the relative humidity associated with moss water potential according to data given by Proctor [1982] and in Clymo and Hayward [1982] , rather than from stomatal resistance and water potential as in vascular plants.
All other model parameters for C fixation, respiration and partitioning by plant and microbial populations were the same as those used in earlier studies of C and energy exchange over agricultural crops [Grant and Baldocchi, 1992 Change The lower boundary of the modeled soil profile was set to prevent subsurface drainage or capillary rise. The upper boundary of the modeled soil profile was set to allow fairly rapid surface runoff so that any water accumulating beyond the surface storage capacity of the soil was removed within a few hours. These settings were intended to simulate the hydrology of the field site which had poor subsurfhce drainage but fairly good surface drainage. 
Canopy Mass and Energy Exchange
During the same year of the model run as that used in the leaf CO 2 fixation study described above, hourly mass and energy exchange over the spruce-moss stand simulated under 1996 meteorological data were compared with results obtained from 
Results
Leaf CO2 Fixation
Soil C:N ratios of > 50 in the organic layer of the northern old black spruce site (Table 2) (Table 1) . The transition to irradiance-saturated CO 2 fixation at higher irradiance was determined by the specific activities and densities of rubisco used to calculate dark reaction rates in the model (Table 1) (Table 1) . This response was shaped by the relationship between aqueous CO 2 concentration and the K m for carboxylation (Table 1) as affected by the Km for oxygenation and by temperature. The modeled response of CO 2 fixation to rising C a was independent of the irradiance levels tested at low Ca, but was increasingly constrained by irradiance at higher C a . The measured response was constrained by irradiance at all C a . Table 2) . Low soil temperatures and 02 concentrations also strongly constrained root growth 
5.2, Diurnal Mass and Energy Exchange
